The adsorption properties towards 2,4-dichlorophenol of several adsorption resins, viz. ZH-01, ZH-02 and ZH-03 respectively modified with different functional groups, and of granular activated carbon (GAC) have been compared experimentally with those of Amberlite XAD-4. This paper focuses on the static equilibrium adsorption behaviours and the confirmation of chemisorption characteristics. An equation relating the amount chemisorbed and the assumed chemisorption equilibrium concentration of adsorbate in the aqueous solution was established. This shows that the data may be fitted perfectly by the Langmuir equation. The adsorption capacities measured at different temperatures and the static desorption efficiency reveal that the adsorption of 2,4-dichlorophenol from water onto ZH-01, ZH-02 , ZH-03 or GAC occurs via a simultaneous process involving physical adsorption and chemical reaction.
INTRODUCTION
As a result of man-made activities, numerous hazardous organic compounds are introduced into environmental waters, especially groundwater. The quality of water sources has deteriorated in recent years giving rise to an increase in the amount of chlorine required for water purification. This leads to a reaction between the residual chlorine and organic compounds and generates some by-products (DBPs) which are present in tap water. Of these DBPs, 2,4-dichlorophenol must be removed because it is carcinogenic and a tumour promoter, and can cause the base-pair substitution of DNA (Wang and Liu 1999) .
Adsorption has been shown to be one of the most attractive and effective techniques for purification and separation in wastewater treatment (Faust and Aly 1987; Zhu et al. 1998; Asheh et al. 2000; Liu et al. 2003) . However, due to the difficulty of regenerating activated carbon, copolymers of divinylbenzene are of increasing importance in such adsorption applications. Many studies have been reported in which attempts have been made to improve the performance of polymeric adsorbents. Thus, the adsorbent MX-4 obtained by modifying Amberlite XAD-4 with an acetyl group exhibits a greatly increased surface area (Li et al. 2002a ). Davankov and co-workers have described a new series of hypercrosslinked polymeric networks (Davankov and Tsyurupa 1990; Davankov et al. 1969) , a technique which could yield polystyrene adsorbents with an unusual hypercrosslinked structure and an exceptionally high adsorbing capacity. However, because of their offensive odour, few adsorption studies have been undertaken with these materials.
The present study describes static equilibrium adsorption from aqueous solutions of 2,4-dichlorophenol by ZH-01, ZH-02 and ZH-03 prepared in our laboratory and Amberlite XAD-4, with GAC being employed for comparative purposes. The chemisorptive nature of the adsorption process was confirmed for 2,4-dichlorophenol on ZH-01, ZH-02 and ZH-03 resins. An equation was established relating the amount chemisorbed and the assumed chemisorption equilibrium concentration of the adsorbate in the aqueous solution.
EXPERIMENTAL Preparation of adsorbents
The adsorbents ZH-01, ZH-02 and ZH-03 were synthesized by the method described in the literature (Li et al. 2002a,b) . ZH-01 and ZH-03 are hypercrosslinked polymeric adsorbents modified by the introduction of the 2-carboxylbenzoyl group and benzoyl group, respectively, while ZH-02 is a macroporous adsorbent modified by the introduction of the benzoyl group.
Molecular orbital calculations
It was very difficult to undertake ab initio molecular orbital (MO) calculations of the adsorbent surfaces, both because of their complexity and from the viewpoint of the computational time necessary. In the present work, the electronic states of the adsorbents and adsorbate have been determined using the semi-empirical MO method, MINDO/3 (Bingham et al. 1964) , at the expense of calculation accuracy. The energy levels were then obtained subsequently. However, it is first necessary to model the adsorbent surface to enable the electronic states of adsorbents to be calculated by the MO method. For this purpose, cluster models for the adsorbent surface were used in this work as advanced by Hajime and Morio (1996) .
Adsorption experiments
Measurements of the adsorption isotherms of 2,4-dichlorophenol from aqueous solution onto Amberlite XAD-4, activated carbon and the synthetic adsorbents were undertaken as follows. Known weights (0.1 g) of adsorbent particles were placed in a series of 250 ml Erlenmeyer flasks fitted with screw caps and contacted with 100 ml of aqueous 2,4-dichlorophenol solutions having various initial concentrations, C 0 (mmol/l). The flasks were placed on a shaker and agitated at temperatures of 288 K and 303 K, and a further temperature of 288 K attained by first heating the flask and contents to 318 K and then reducing its temperature back to 288 K. The temperature associated with this third type of exposure is referred to as 288 K* below. In each case, the adsorption time was sufficient to ensure that reversible adsorption equilibrium had been achieved. The amount of 2,4-dichlorophenol adsorbed, q e (mmol/g), was determined from the initial and final concentrations of the adsorbate in the liquid phase and the amount chemisorbed, q c (mmol/g), was calculated from the difference in the equilibrium adsorption achieved at 288 K and 288 K*, respectively, with any chemisorption below 288 K being neglected. The concentration of adsorbate in the aqueous solution was measured by HPLC methods employing a Nov-Parker C 18 column and a wavelength of 275 nm. A methanol/water solution with a ratio of 70:30 was employed to elute the column at a flow rate of 1 ml/min. The pH of this solution was found to be almost equal to the value for distilled water.
Desorption experiments
After conducting adsorption experiments at 288 K*, the adsorbents were filtered from the solutions and desorbed at 318 K using 100 ml of distilled water. The concentration of the desorbed 2,4-dichlorophenol was determined in each case.
RESULTS AND DISCUSSION

Equilibrium adsorption
The typical properties of all the adsorbents are listed in Table 1 . It will be noted from the data recorded that there were obvious differences between their structures and pore properties.
The equilibrium adsorption isotherms of 2,4-dichlorophenol onto the five adsorbents at temperatures of 288 K, 303 K and 288 K*, respectively, are shown in Figure 1 (a)-(e). It will be noted that, at the same temperature, the adsorption capacities of GAC, ZH-01, ZH-02 and ZH-03 were much higher than that of Amberlite XAD-4. It would therefore appear that the high micropore areas and surface polarities of the former adsorbents had an important effect on their adsorption capacities.
All the adsorption isotherms could be correlated by the well-known Langmuir, Freundlich and Dubinin-Radushkevich equations (Mohan et al. 2002; Seidel and Carl 1989) . However, the latter two equations were not suitable for the description of all the isotherm data, with only the Langmuir equation giving a perfect fit in each case. The values of q m (mmol/g) for monolayer surface coverage listed in Table 2 demonstrate the important influence of temperature on the adsorption process.
It is well known that increasing temperature has an adverse effect on the adsorption capacities if adsorption occurs via a physical process. However, although the data depicted in Figure 1 (a) conform to this general rule (Liu et al., 2002a (Liu et al., ,b, 2003 , those depicted in Figure 1(b) -(e) show that the adsorption capacities at 303 K were higher than those at 288 K and lower than those at 288 K*. This suggests that a different process, viz. irreversible chemisorption, occurred with when GAC, ZH-01, ZH-02 and ZH-03 were employed as adsorbents. Figure 2 shows the static desorption data for 2,4-dichlorophenol onto the five adsorbents studied, with the y-axis in the figure denoting the amount adsorbed at equilibrium (q a ) while the x-axis corresponds to the static amount desorbed (q d ). The reproducibility of the amount of 2,4-dichlorophenol adsorbed onto Amberlite XAD-4 was fairly good with a maximum error of 4.1% being observed. However, those for the other adsorbents studied reached values of ca. 10%. Relative to the frame of reference, adsorption/desorption hysteresis was observed for GAC, ZH-01, ZH-02 and ZH-03 since the data for these adsorbents could not be well correlated by a straight line. This gives further support to the suggestion that adsorption onto these sorbents from aqueous solution was irreversible.
Static desorption characteristics
Semi-empirical MO study
The semi-empirical MO method (MINDO/3) was applied to cluster models of the adsorbent surfaces with the corresponding energy levels being calculated. The various clusters considered are depicted in Figure 3 with the energy levels of the highest occupied MO (HOMO) and the lowest unoccupied MO (LUMO) being listed in Table 3 . It is obvious that irreversible chemisorption existed when 2,4-dichlorophenol was adsorbed onto GAC because this adsorbent has a high HOMO and low LUMO energy level. However, due to the absence of electrons in the polymeric adsorbents studied and their almost equal HOMO energy levels, the corresponding LUMO energy levels will be of importance in interpreting any irreversible chemisorption with these materials. It is obvious from the data listed in Table 3 that the values of the LUMOs of the modified adsorbents were lower than that of Amberlite XAD-4, as a result of the decrease in energy difference between the HOMO of the adsorbate and the LUMO of the adsorbent. According to the Hammond postulate (Hammond 1955), irreversible chemisorption will occur when this difference is lower than the potential energy barrier separating the precursor state and the irreversible state.
Establishment of an equation for the amount chemisorbed
The amount chemisorbed, q c (mmol/g), was calculated from the difference in equilibrium adsorption at 288 K and 288 K*, neglecting any chemisorption at temperatures below 288 K as mentioned above. The results demonstrate an increase in q c with an increase in the assumed chemisorption equilibrium concentration (C ec = C 0 − q c ) of the adsorbate until the saturation value of q c was attained. Plots of q c versus C ec are depicted in Figure 4 .
It will be seen from the figure that only the q c values measured for the ZH-02 adsorbent are convergent at initial concentrations larger than 300 mg/l. The greatest deviation is observed with where n c and K c are both parameters. The results obtained from the application of this equation to the data for the adsorption of 2,4-dichlorophenol onto all the adsorbents studied other than Amberlite XAD-4 are listed in Table 4 . It will be noted that the correlation coefficients (R 2 ) obtained were all greater than 0.98, thereby demonstrating the credible nature of the data. The values of K c obtained for the polymeric adsorbents ZH-01, ZH-02 and ZH-03 were virtually the same, while the magnitude of n c may be related to that of q c .
CONCLUSIONS
Experimental comparisons of the adsorption properties towards 2,4-dichlorophenol of several adsorption resins, i.e. ZH-01, ZH-02 and ZH-03 modified with different functional groups and granular activated carbon (GAC), with those of Amberlite XAD-4 were performed. The following conclusions may be drawn from the results obtained:
1.
At the same temperature, the adsorption capacities of GAC, ZH-01, ZH-02 and ZH-03 were much higher than that of Amberlite XAD-4. This was attributed to the high micropore area and the surface polarities of the former adsorbents which have an important effect on their adsorption capacities. The Langmuir equation gave a perfect fit to the data arising from the adsorption of 2,4-dichlorophenol onto these adsorbents. 2.
The static adsorption/desorption characteristics of ZH-01, ZH-02 and ZH-03 towards 2,4-dichlorophenol confirm the existence of irreversible chemisorption. This behaviour may be explained by the low LUMO energy levels of these adsorbents. 3.
The amount chemisorbed (q c ) could be related to the assumed chemisorption equilibrium concentration 
